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The higher order fields present in the quadrupole ion trap may have beneficial effects uch as 
increases in mass resolution in the mass-selective instability or resonance jection modes of 
operation, but may also result in losses of ions due to nonlinear esonances. In this work, the 
reduction in ion intensities observed in the mass spectra of polyethylene glycol (PEG 1000) has 
been utilized to monitor the ion losses resulting from these higher order fields during the rf 
voltage scans in both the forward and reverse directions. Extensive ion losses were observed 
in reverse rf voltage scans at q~ = 0.64 (az -- 0), which corresponds to octopole resonance at 
13z = 1/2. The losses depended upon rf voltage scan rate and ion mass being greater for lower 
scan rates and lower masses. For ions of m/z 877, losses of up to 60% of the stored ions were 
observed at low scan rates (~1 × 104 Da/s)., but were minimal at higher scan rates. Thus, it is 
possible to avoid such losses during reverse scans by scanning the region qz = 0.64 at rates in 
excess of 4 × 104 Da/s. In forward rf voltage scans, ion storage was considerably more reliable, 
with significant losses observed only at very high scan rates near the region qz = 0.78 
(hexapole resonance at /3 z = 2/3). (J Am Soc Mass Spectrom 1997, 8, 1141-1146) © 1997 
American Society for Mass Spectrometry 
T 
here have been a number of studies of the effects 
of higher order fields on the performance of 
quadrupole trapping devices. A nonlinear eso- 
nance theory for the operation of a quadrupole mass 
analyzer was described in 1961 by von Busch and Paul 
[1], the inventor of the quadrupole ion trap (QIT), and 
later extended for the QIT by Dawson and Whetten [2]. 
This theory treats the higher order contributions to the 
trapping field as perturbations to the ion motion in a 
pure quadrupole field. The conditions under which any 
of the frequency components of the perturbation coin- 
cides with any of the frequencies of ion motion in the 
quadrupole field are known as nonlinear esonances. 
All commercial ion trap mass spectrometers are 
essentially nonlinear devices ]3, 4]. The effect of the 
presence of the higher-than-quadrupole order fields on 
the mass resolution observed in a mass-selective insta- 
bility mode of operation of the QIT mass spectrometer 
has been determined from experiments and numerical 
calculations [5, 6]. The presence of a small octopole field 
of correct sign has been shown to be beneficial for the 
observed mass resolution. Full understanding of this 
relationship became clear with the development of an 
analytical approach using the theory of nonlinear vibra- 
tions to describe the ejection of ions from the trap in 
resonance jection experiments [7]. 
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However, the presence of a higher order field results 
in not only positive but also negative ffects. Several 
such effects related to mass discrimination and losses of 
ions have been described in the literature. In experi- 
ments on the injection of ions into a constant active rf 
field [8], the strong dependence of the signal from the 
trapped ions has been shown to be dependent on the 
value of the rf field during injection. A surge in the 
signal has been observed when the frequency fz of the 
secular oscillations of ions in the axial z direction, 
normally expressed in terms of the parameter /3z = 
2fJF, where F is the frequency of the rf voltage applied 
to the ring electrode, coincided with the frequency of 
nonlinear esonances [9]. 
The first observations of losses of ions were reported 
for tandem mass spectrometry experiments [10-12] in 
which the intensities of product ions formed after the 
fragmentation f precursor ions dropped almost o zero 
if the parameter /3 z for the formed product ions was 
near the values of 1/2 or 2/3. The value of 1/2 for the 
parameter ]3~ corresponds to the z-direction onlinear 
resonance due to the presence of an octopole field 
inside the quadrupole trap, whereas that of 2/3 corre- 
sponds to a similar resonance for the hexapole field [9]. 
The areas on the stability diagram where t~he reduction 
of intensity of ions due to the nonlinear resonance 
interactions i observed have been called "black holes," 
or (more correctly) "black canyons." 
Another type of ion loss was observed uring stor- 
age of ions in a trap [13-16]. In these reports, ions were 
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generally formed by chemical ionization (CI) [13, 14] or 
by electron impact (EI) [15, 16], were stored for times up 
to 100 ms at selected Mathieu parameters (G, G) on the 
stability diagram, and recorded. The intensity of ions in 
the spectra depended upon the parameters (G, G) used 
in storing the ions as well as the time of storage. A new 
"black canyon" was observed uring ion storage in the 
commercial ion trap [13, 14] at/3~ = 1/3 and negative a~ 
values. This resonance is due to the presence of a 
dodecapole field in the trap. Many more "black can- 
yons" were observed in "home-built" instruments [15, 
16], where the geometry of electrodes i often different 
from that of commercial instruments and the contribu- 
tion of the higher order fields is more pronounced. 
Observations of ion losses during storage in a trap are 
to some extent controversial, because these losses are 
not observed in many cases, e.g., parent ions were not 
being lost in tandem experiments [12] or EI experiments 
[13]. This can be explained by a strong dependence of
the effect on the amplitude of ion oscillations inside the 
trap [9]. The conditions under which ions spend more 
time away from the trap center favor the observation of 
nonlinear resonance ffects [14]; among these condi- 
tions are high ion population, lower buffer gas pressure, 
the injection or formation of ions near the trap elec- 
trodes, etc. 
The cases above represent ion losses at stationary 
conditions when the rf voltage is not being scanned. 
There are only a few reports on losses during the 
scanning of the rf voltage [17, 18]. For example, while 
studying "alternative scanning techniques," Todd et al. 
[17] observed spurious ejection of ions while crossing 
the ]3~ = 1/2 line on the stability diagram when the rf 
and dc voltages on the ring electrode were simulta- 
neously decreased. At the same time, no spurious 
ejection was observed when the rf voltage was in- 
creased. In another report [18], "ghost" peaks corre- 
sponding to the ejection of ions at /3~ = 2/3  were 
observed uring a forward (increasing) rf voltage scan. 
In this work, we study the nonlinear resonance 
ejection of ions occurring during the rf voltage scan at 
/3z = 1/2 for which no systematic investigation has 
been reported. The experiments are similar to that of a 
previous report [17] except that no dc voltage was 
applied to the ring electrode. Our approach is based on 
monitoring the reduction of the line intensities in the 
spectra of polyethylene glycol (PEG 1000, average mo- 
lecular weight -1000). This not only provided a means 
for a quantitative description of the phenomenon, but 
led to the development ofa means for avoiding such ion 
losses during the reverse rf voltage scan. 
Experimental 
Experiments were carried out on an extensively modi- 
fied Finnigan MAT (San Jose, CA) ion trap detector 
(ITD) described in detail elsewhere [19, 20]. The geom- 
etry of the electrodes was not changed. The resonance 
ejection technique at/3~ = 1/4 and a mass scan rate of 
1000 Da/s was used for recording mass spectra in the 
extended mass range by applying an ac ejection voltage 
from a Wavetek (San Diego, CA) model 95 arbitrary/ 
function generator to the endcap electrodes. Amplitude 
modulation of the ejection voltage was used to achieve 
linear calibration [21]. Ions were produced in an external 
matrix-assisted laser desorption/ionization (MALDI) 
ion source using the fourth harmonic (A = 266 nm) laser 
pulse from a Quantel International (Santa Clara, CA) 
model YG660-10 Nd:YAG laser, injected into the trap 
through the hole in the entrance ndcap electrode, and 
trapped with high efficiency by increasing rf voltage 
during injection [22]. A broadband excitation technique 
was utilized in some experiments for ejecting unwanted 
ions, using two Quatech (Akron, OH) WSB-100 wave~ 
form synthesizer boards with an on-board WSB-A12M 
12-bit resolution analog module connected to the com- 
puter [19]. Trapping rf and ejection ac voltage ampli- 
tudes were controlled externally using 12-bit analog 
outputs from a National Instruments (Austin, TX) Lab- 
PC+ multifunction plug-in board connected to the 
computer. The generation of the control voltage pattern 
during the acquisition scanning was sampled synchro- 
nously with the acquisition of the data using a Lab-PC + 
analog input connected to the detector of the ion current 
at the exit of the ion trap. The signal from the multiplier 
could be observed on a LeCroy (Chestnut Ridge, NY) 
Model 9400A oscilloscope and was used for qualitative 
analysis of the process of ion loss. TRAPWARE software 
(designed in-house) was used for data acquisition and 
controlling the instrument and additional hardware [19, 
21]. 
The scan functions of the experiments are shown in 
the real time scale in Figure 1. Each single experiment 
began with the firing of the laser, with the ions formed 
then injected into the trap and trapped by increasing the 
rf voltage. After a period for cooling the ions (about 100 
ms), a period of about 1000-ms duration was used for 
scanning the rf voltage (shown by the dashed lines in 
Figure 1). The rf voltage was scanned forward (increas- 
ing) with a scan rate of Sfi the rf field was then left at a 
constant level corresponding to the low cutoff mass 
m/z 632 during time ts; and finally, the rf voltage was 
scanned in the reverse (decreasing) direction with a 
scan rate Sr to the starting point for the next analytical 
scan (from 1100 to 2050 ms in Figure 1). The maximum 
rf voltage during the scanning period (100-1100 ms) 
was near the maximum possible voltage produced by 
the rf generator (-7500 V0-p). It was equal to that during 
the analytical scan to avoid ejection of ions during the 
analytical scan at the boundary/3z = 1 of the stability 
diagram (no dc voltage was applied to the ring elec- 
trode and thus, az was equal to 0). Another method for 
avoiding ejection of ions during the analytical scan at 
the boundary /3z = 1 was to eject low mass ions of 
m/z < 650 using broadband excitation, with the broad- 
band pulse applied to the endcap electrode and tailored 
to eject these specific ions [19]. These pulses were 
applied at the time of and instead of the scanning 
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Figure 1. Scan functions in the real time scale used in experiments. The scan rates S/and S, and the 
storage time t s during the scanning period of trapping rf voltage (dashed lines) were varied in the 
experiments. 
period in Figure I (shown by the dashed lines in Figure 
1). The experiments using broadband excitation were 
performed to monitor the changes in the ion population 
made during the scanning period. The estimated pres- 
sure of the buffer gas (helium) inside the trap was -1  
mTorr. Mass spectra were produced by averaging -150 
spectra from the individual experiments. 
Nicotinic acid (Aldrich, Milwaukee, WI) was used as 
the MALDI peptide matrix. It was prepared as a satu- 
rated solution in 2:1 chloroform-methanol and depos- 
ited into a stainless teel probe in the amount of 10-20 
/~L. After fast drying in a flow of air at room tempera- 
ture, the aqueous solution of PEG 1000 (Sigma, St. 
Louis, MO) in an amount of 3-4/xL, containing 10-100 
pmol of the sample, was deposited on the matrix and 
dried in vacuum. 
where the low mass ions were ejected using broadband 
excitation, shows a molecular weight distribution close 
to the theoretical one for the polymer mixture PEG 1000. 
The ion intensity reduction was shown to depend on 
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Results 
Figure 2 illustrates the major difference in spectra of 
PEG 1000 obtained by the resonance ion ejection at ]3z = 
1/4 using two different methods for the ejection of low 
mass ions to avoid their ejection at /3= = 1. The real 
mass resolution of our instrument is about 3.500 at m/z 
1000. However, because of the imperfect shape of the 
isotopic peaks, the height of the peaks is not propor- 
tional to the area under them. Thus, we smoothed the 
spectra over the mass range to produce peaks with an 
unresolved isotopic structure but of similar shape as 
shown in Figure 2. The spectrum in Figure 2a, where 
the low mass ions were ejected by the rf voltage 
scanning method, has reduced ion intensity in the low 
mass region, whereas the distribution in Figure 2b, 
oo 
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Figure 2. Typical MALDI mass pectra of PEG 1000 obtained 
using two different techniques for the ejection of low mass ions: (a) 
"forward-then-reverse" scan of the rf voltage and (b) broadband 
excitation pulses designed to eject ions of m/z < 650. The spectra 
were smoothed to produce peaks with unresolveci isotopic struc- 
ture. 
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not only for the peak intensities but for the noise as well 
(see Figure 2a). (It is worth mentioning that the noise in 
our spectra is of a chemical nature and can be easily 
eliminated by ejection by using, for example, broad- 
band excitation•) The upper mass limit of the region of 
reduced intensity, which is determined by the location 
of the step in the noise baseline, corresponds to qz = 
0.64 at the maximum rf voltage during ion ejection by 
the rf scan (see Figure 1), which, taking into account 
that in our experiments az = 0, exactly corresponds to 
the ]3~ = 1/2 line on the stability diagram. Thus, the 
reduction of intensity in the low mass region of the 
spectrum in Figure 2a is directly related to the losses of 
ions during the crossing of the ~ = 1/2 region when 
the rf voltage is scanned. These losses result from the 
nonlinear esonance at/3~ = 1/2 due to the presence of 
the octopole field inside the trap [2, 9]. 
In this work we studied the dependencies of these 
ion losses upon the parameters used for scanning across 
the ]3~ = 1/2 region. Losses were defined as (11 - 12)/11, 
where I~ and 12 are, respectively, the expected and 
measured intensities of the peak at m/z  877, as shown 
in Figure 2a. (In our experiments, the expected intensi- 
ties of the peak m/z  877 were used rather than the 
intensity of the same peak in Figure 2b because this 
does not affect he accuracy for ion loss data.) There are 
three parameters that can be changed in the experiment 
(Figure 1): the mass scan rates Sf and Sr during forward 
and reverse rf voltage scan periods and the cooling time 
t~ at the maximum rf voltage level. 
The value of Sf was changed from 590 to 1.4 × 107 
Da/s. (Note the difference between the mass scan rates 
Sf and Sr at 13z = 1/2 and the mass scan rate during the 
analytical scan at ]3z = 1/4. At the same mass scan rates 
the latter corresponds to a q~[/3~ = 1/2] /q~[~ = 1/4] 
= 1.88 times slower rf voltage scan rate.) The maxi- 
mum value of Sf ~ 1.4 × 107 Da/s is an estimation 
corresponding tothe "step" transition in which the real 
rf voltage profile with the estimated transition time of 
about 50/~s [22] was approximated by the linear tran- 
sition of the same duration. These experiments were 
carried out while the other two parameters were fixed 
at t~ = 200 ms and SF = 5.3 × 104 Da/s. Normally, ion 
losses under these conditions were minimal (close to 
zero). We did not observe any changes in the losses 
when the mass scan rate S[ was varied, except in the 
case of the "step" rf voltage transition (Sf ~- 1.4 × 107 
Da/s), where no ions were observed in the mass region 
m/z  < 732. Taking into account he low mass cutoff 
value of m/z  627 for the highest rf voltage in our 
forward rf scan experiments, this corresponds to losses 
of all ions during the transition through the region q~ = 
0.78 on the stability diagram. 
Similar experiments were carried out in which the 
time ts of the cooling period after the forward scan was 
varied from 0 to 400 ms (in these experiments he mass 
scan rates Sf and S~ were fixed and equal to 2500 Da/s). 
The dependence of losses of m/z  877 ions upon the time 
ts is shown in Figure 3a. The ]3z value for these ions 
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F igure  3. The dependence of losses (11 - 12)/11 for m/z  877 ions 
(as defined in Figure 2) due to the nonlinear esonance at/3 z = 1/2  
(qz = 0.64) upon (a) the storage time t s at the upper rf voltage 
level and (b) the reverse scan rate S r. 
during the storage period was slightly lower than 1/2 
and corresponded to qz = 0.63. In the limits of experi- 
mental error the losses are almost independent of the 
time of storage of ions at the upper level of the rf 
voltage, with a small tendency to increase the losses 
when the storage time t s is increased. 
Finally, the mass scan rate Sr in the reverse direction 
was varied from 690 to 1.4 × 107 Da/s, while the other 
parameters were fixed at Sf = 2500 Da/s and ts = 200 
ms (positive values are used for describing the mass 
scan rate Sr in the reverse scan). In these experiments no 
losses were observed at very high mass scan rates of Sr 
> 4 × 10 4 Da/s, including the jump transition (St 
1.4 × 10 7 Da/s). High losses of ions (up to 60%) were 
observed at slow mass scan rates Sr < 1 × 104 Da/s. 
An ion signal was detected by an electron multiplier 
during the reverse scan period, suggesting that the 
losses took place in the z direction. The same ion loss 
signal was observed when ions other than those from 
PEG 1000 (such as peptide ions) were scanned in the 
reverse direction through the qz = 0.64 area. However, 
quantitation of the losses in this case is complicated by 
the fact that one cannot predict a priori the relative 
ionization efficiency of these different chemical species 
using MALDI ionization• 
Another interesting observation follows from the 
spectra in Figure 2. Comparing the low mass region of 
the spectrum in Figure 2a with the corresponding 
portion of the spectrum in Figure 2b, one can see that 
the losses for lower mass ions are even larger than those 
for m/z  877. For example, the intensity of the peak at 
m/z  657 in Figure 2a (to the extreme left) is more than 
six times less than that in Figure 2b; the next peak at 
m/z  701 is more than three times less, etc. 
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Discussion 
An octopole field with the same sign as in the main 
quadrupole field is present in all commercial ion traps 
[9]. The major consequence of its presence is an increase 
in the ion secular frequency for larger amplitudes of ion 
oscillation. This is the feature that quenches the nonlin- 
ear resonance at ]3~ = 1/2 in a constant trapping rf field 
because the secular frequency simply drifts out of the 
resonance during excitation [23]. 
If an external excitation force acts on the ion and the 
rf field is scanned, the effect of the excitation will 
depend on the direction of scanning. In forward scans 
(increasing rf field and ion secular frequency), the 
octopole field exhibits inhibiting properties as the ion 
secular frequency approaches the excitation frequency 
because any increase of the ion oscillation results in the 
departure of these frequencies from each other. After 
the secular frequency has passed the excitation fre- 
quency, the effect of the octopole field is catalytic, i.e., 
any increase in the amplitude will result in a closer 
distance between those frequencies, higher excitation 
and larger amplitude, and so on. When the secular and 
excitation frequencies are equal, the transition from 
maximum inhibiting to maximum catalytic effect oc- 
curs. It is this transition that causes all ions of the same 
mass-to-change ratio to be ejected almost simulta- 
neously regardless of their initial positions and veloci- 
ties that results in the observed high mass resolution. 
The opposite pattern is observed in reverse scans. The 
octopole field exhibits catalytic properties when the 
secular frequency approaches the excitation frequency 
and inhibiting properties after passing the resonance. In 
this situation ions are ejected as soon as possible, 
resulting in large dependence of the exit time upon the 
initial conditions and, thus, in poor mass resolution. In 
the latter case, ions need less excitation energy to be 
ejected in comparison with the forward scan case. This 
asymmetry for forward and reverse scans, including the 
different amplitude of excitation voltage needed for ion 
ejection, has been observed experimentally [24]. In both 
cases, a larger amplitude is needed at faster scan rates. 
In many aspects the octopole field in nonlinear 
resonance phenomenon behaves like the excitation sig- 
nal in resonance jection experiments (although this is 
not a dipolar excitation case). Thus, if the excitation 
energy supplied by the octopole field is sufficient for 
ion ejection, then: (i) this energy will be smaller for the 
reverse scans than for forward scans; and (ii) the energy 
for ion ejection in the reverse scan will strongly depend 
on the initial position and velocity as well as the rate of 
scanning (more ions will be ejected at slower scan 
rates). This is observed in our experiments. No ion 
ejection and losses are observed in the forward scans. In 
the reverse scans, larger losses are observed at slower 
scan rates. The initial position and velocities of ions 
strongly affect ion ejection in the reverse scans. The 
spatial distribution of ions prior to ejection depends on 
many factors, among them ion temperatures and space 
charge effects. The higher losses observed in the exper- 
iment for lower masses can be attributed to a broader 
spatial equilibrium distribution for lighter ions at sim- 
ilar conditions and the same qz values [25]. Higher scan 
rates can also result in nonadiabatic effects at which the 
ion distribution does not follow the varied rf field. This 
can explain losses at q~ = 0.78 during the forward rf 
voltage jump. 
The relative independence of ion los;ses upon the 
storage time ts at the highest rf voltage level can be 
related to the absence of resonance conditions in this rf 
field, as well as the fact that the actual cooling time is 
larger than t s and must include all time from the point 
of the nonlinear resonance for m/z  877 at q~ = 0.64 
during the forward scan to the same point during the 
reverse scan (which is about 15 ms additionally to ts). 
The losses could be significant if any of the resonance 
conditions were accidentally satisfied during the ion 
storage experiments [13-16]. 
The losses discussed may significantly affect the ion 
population and mass spectra obtained using traps. 
Reverse scans are a necessary part of many experiments 
on ion traps. One example occurs in tandem and (MS)" 
experiments, in which the resonance jection technique 
is used for obtaining mass spectra. After fragmentation 
of the parent ions (normally by using collisional activa- 
tion for dissociation), the trapping rf voltage must be 
lowered to record all product ions in the subsequent 
resonance ejection scan, as well as to avoid ghost 
spectral peaks in this scan due to the ejection at the 
boundary q~ = 0.91 of the stability diagram [20]. 
Another example is a method for selective mass accu- 
mulation of ions that we have described previously [19] 
in which multiple laser shots are used with the rf 
voltage ramped up after every laser shots and down in 
the intervals between the shots to prepare the trapping 
of ions from the next shot. In both examples, the losses 
of ions during the reverse rf voltage scans can result in 
a severe loss of sensitivity or data unless one takes 
special precautions. Fast scan rate is an effective way to 
avoid losses during reverse rf voltage scans. 
Conclusions 
The losses of ions at/3 z = 1/2 (q= = 0.64) during reverse 
scans in a commercial ion trap can be significant de- 
pending on the rf voltage scan rate and the mass of ions. 
The losses result from a nonlinear esonance due to the 
presence in the trap of a weak octopole field. This article 
can be considered a preliminary report on a method for 
quantitation of this process, whereas the mechanism for 
the initial displacement of ions in the trap still needs to 
be studied. A computer simulation of this phenomenon 
requires taking into account he electrostatic interaction 
of many particles because of the possible role of the 
space charge effect. However, some clear :recommenda- 
tions for carrying out experiments on commercial traps 
follow from this work. Very fast rates including jump 
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transi t ions are preferable  dur ing  reverse scans if one 
wants  to avo id  ion losses at qz = 0.64. 
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